I. Introduction {#sec1}
===============

Many experimental and theoretical groups have dedicated efforts to studying fundamental phenomena governing transport at the nanoscale as well as pioneering devices using nanoscale effects.^[@ref1],[@ref2]^ Rectification of ion current with nanopores is an example of transport properties stemming from the nanoscale openings of the structures.^[@ref3]−[@ref7]^ Rectifying nanopores feature ion currents that are higher for voltages of one polarity compared to currents recorded for voltages of the same absolute values but of opposite polarity. They can thus work as switches for ions and charged molecules in solutions and could become the basis for ionic circuits used in logic and sensory systems.^[@ref8]−[@ref11]^

There have been a number of rectifying systems reported thus far. Glass pipettes^[@ref5],[@ref12]^ and tapered cone shaped nanopores with negative surface charges^[@ref6],[@ref13],[@ref14]^ were reported to be cation selective and conduct current with the preferential direction of the cation flow from the narrow opening to the wide base of the pore. Current--voltage curves of the pores were found to depend on the geometric characteristics of the small opening, the length of the pore, and the surface charge density of the pore walls.^[@ref15]−[@ref23]^ Rectification properties of ionic systems were significantly improved by introducing surface charge patterns in which two zones of the pore walls were characterized by different surface characteristics.^[@ref8],[@ref24]−[@ref30]^ In a bipolar diode, there is a zone with positive surface charges in contact with a zone with negative surface charges; a unipolar diode contains a junction between a zone that is charged and a zone that is neutral. Both types of ionic diodes were able to suppress ionic flow in one direction almost entirely so that the currents for one polarity were hundreds of times higher than currents for the voltages of opposite polarity.^[@ref25],[@ref26],[@ref28],[@ref30]^

Fewer studies, however, have been performed on how rectification depends on the type of transported ions. The influence of cation charge has been reported for both man-made^[@ref31],[@ref32]^ and biological pores.^[@ref33]−[@ref36]^ As an example, rectification of conically shaped, negatively charged polymer nanopores in KCl was compared with recordings in calcium and cobalt(III) ions.^[@ref32]^ The multivalent ions were shown to induce the effect of charge inversion;^[@ref37],[@ref39]^ i.e., in their presence, originally negatively charged pore walls became effectively positively charged. Charge inversion was observed as a qualitative change in the current--voltage curves, suggesting the pores became anion selective.

Much less is known on whether ions with the same charge state can have differing influence on ion transport through nanopores. One study explored rectification of the bacterial pore α-hemolysin in various monovalent chloride salts;^[@ref40]^ pore rectification was strongest in CsCl and weakest in LiCl, and the difference was attributed to interactions of lithium ions with negatively charged groups on the pore walls. A similar question, as to the importance of type of monovalent cations for the rectification of man-made nanopores, has not yet been asked. The opening diameters of man-made structures are often significantly larger than the narrowest constriction of the α-hemolysin pore. Understanding transport of various cations in pores characterized with different opening diameters will provide insight into which interactions between ions and surfaces influence and determine properties of ionic transport through nanopores. This question is especially timely, since type of cation has also been reported to influence detection of DNA molecules using nanopores in the resistive pulse technique.^[@ref41]^ Studying interactions of ions with surfaces and walls in model nanopores is therefore important for understanding electrostatics at the nanoscale as well as making better nanopore sensors.

Ion transport through nanopores in contact with monovalent salts such as KCl, NaCl, and LiCl is typically described using continuum models based on the Poisson--Nernst--Planck equations.^[@ref15],[@ref42]−[@ref47]^ Ions are treated as point charges and their interactions with charges on the walls are captured by the Poisson--Boltzmann equation. In this article we show limited application of this approach for the description of ionic transport through rectifying polymer nanopores in different monovalent salts.

First we present experimental observations of ion current rectification of single conically shaped nanopores with opening diameters between 3 and 25 nm, measured in KCl, NaCl, and LiCl. The measurements indicate the pores exhibit significantly lower rectification degrees in the lithium salt compared to the rectification in potassium and sodium chloride. The experimental findings are explained by all-atom simulations performed by molecular dynamics (MD) tools. We use a modified version of the all-atom representation of a polymer pore created in ref ([@ref48]) to reveal the effects of differential ion binding to surface charged groups of identical poly(ethylene terephthalate) (PET) nanopores in KCl, NaCl, and LiCl solutions. We assess the dependence of rectification on the effective surface charge densities modulated by KCl, NaCl, and LiCl.

II. Methods {#sec2}
===========

Preparation of Nanopores {#sec2.1}
------------------------

Single conically shaped nanopores were prepared in 12 μm thick films of PET using the track-etching technique.^[@ref49]^ Briefly, the films were irradiated with single Au or U ions accelerated to 11.4 MeV/u at the UNILAC linear accelerator of the GSI Helmholtzzentrum für Schwerionenforschung in Darmstadt, Germany.^[@ref50]^ In the next step, the irradiated films were subjected to wet chemical etching performed in a homemade conductivity cell. One side of the film was in contact with 9 M NaOH, while the other chamber of the conductivity cell was filled with an acidic stopping medium. This asymmetric etching procedure was reported before to result in conically shaped nanopores.^[@ref6],[@ref13]^

Nanopore Characterization and Ion Current Measurements {#sec2.2}
------------------------------------------------------

After the etching had been completed, the membranes were rinsed with the stopping solution and water. The chambers of the conductivity cell were filled with 1 M KCl, and two homemade Ag/AgCl electrodes were used to record a current--voltage curve. The small opening of the nanopore was estimated based on the linear portion of the recording and approximating the pore shape with a truncated cone.^[@ref13]^ The large opening diameter created at the side that had been in contact with NaOH could be found based on the rate of nonspecific etching of PET in the etchant and time of etching.^[@ref13]^ Diameters of pores used in this study were 3--25 and 300--750 nm for the small and large opening, respectively.

Once the pore opening diameters were characterized, transport properties of each pore were measured in KCl, NaCl, and LiCl in the concentration range 10--200 mM. The side of the membrane with the large opening was in contact with a working electrode; the other side was grounded (Figure [1](#fig1){ref-type="fig"}).

Continuum Modeling of Ion Currents {#sec2.3}
----------------------------------

Ion current through a single conically shaped nanopore with opening diameters of 10 nm (the tip) and 1000 nm (the wide opening) was modeled by numerically solving the Poisson--Nernst--Planck (PNP) equations. We used a recently developed software package MsSimPore, shown to be especially powerful in modeling pores with high surface charge densities.^[@ref18]^ Although MsSimPore is based on 1D reduction of the PNP model, it still allows for an explicit treatment of the electrolyte reservoirs in contact with the membrane.

![All-atom representation of a conical PET nanopore in contact with 0.1 M NaCl solution. Sodium and chloride ions are depicted as yellow and teal spheres, respectively; water is not shown. PET membrane is shown in orange. The nanopore tip is 3 nm in diameter as measured at the PET edge. The circuit diagram visualizes the electrode configuration used in experiments and in simulation; for negative applied voltages, cations move from the tip (shown at the bottom) toward the wider opening of the pore.](jp-2014-01492g_0001){#fig1}

Setup of MD Systems {#sec2.4}
-------------------

All-atom representation of a conical PET nanopore was adapted from a model designed previously^[@ref48]^ with surface charge density of −1 e/nm^2^, appropriate to simulate conditions at pH 7. Deletion of residues inside a geometric cone aligned with the existing hourglass-like pore resulted in a conical pore with an opening angle of ∼15° (Figure [1](#fig1){ref-type="fig"}). The pore was 3 nm wide at the tip and 5 nm wide at the base, embedded in a PET membrane that was 10 nm long, 8 nm wide, and 11 nm deep with periodic boundary conditions to simulate an extended membrane. This small system size, as compared to the 12 μm long pores used in experiments, enabled us to run simulations for long times (tens of nanoseconds) without exceeding reasonable limits for required supercomputing resources. The membrane was then solvated using VMD's solvate plugin. Ions were added by replacement of randomly selected water molecules as necessary to neutralize the charge on the membrane and reach 0.1 M concentration in the bulk solution. Three such systems were created to separately simulate the nanopore in LiCl, NaCl, and KCl solutions. The size of the simulation-ready system was 26 nm × 8 nm × 11 nm and consisted of 221 778 atoms, including PET membrane and electrolyte solution. Additional three systems consisting solely of 0.1 M bulk solution (KCl, NaCl, or LiCl) were prepared, each of dimensions 26 nm × 8 nm × 11 nm with total of 220 542 atoms.

Protocols of MD Simulations {#sec2.5}
---------------------------

All MD simulations were performed using molecular dynamics program NAMD^[@ref51]^ and with CHARMM36^[@ref52]^ parameters for atomic interactions supplemented by NBFix corrections to accurately describe ion--PET interactions.^[@ref53]^ Particle mesh Ewald full electrostatics computed over a cubic grid with spacing \<1 Å and a smooth (10--12 Å) cutoff for van der Waals interactions were implemented. We used 2 fs time step, rigid hydrogen bonds, and periodic boundary conditions. The temperature was held constant using the Lowe--Andersen thermostat,^[@ref54]^ rate 50 ps^--1^, at 295 K. The TIP3P water model^[@ref55]^ was used in each simulation. Relative restraints, where necessary to maintain PET membrane integrity at the surface, were enforced using the extrabonds feature of NAMD and applied harmonic restraints between single carbon atoms of neighboring PET residues; the spring constant of each restraint was 0.2 kcal mol^--1^ Å^--2^. Upon assembly, each system was minimized using the conjugate gradient method. The systems were then equilibrated for 0.5 ns in the NPT ensemble (constant number of particles *N*, constant pressure *P*, and constant temperature *T*) at 1 atm pressure enforced by the Langevin piston^[@ref56]^ extendible along the pore axis, with decay and period of 800 fs. Each of the systems was then simulated in the *NVT* ensemble (constant number of particles *N*, volume *V*, and temperature *T*) at a 2 V transmembrane bias induced by applying an electric field perpendicular to the membrane or along the longest axis for the bulk electrolyte systems. PET nanopore in each of KCl, NaCl, and LiCl was modeled for both polarities of the bias for 20 ns; the three bulk electrolyte systems were simulated for 20 ns each with only one polarity. 20 ns simulations in the absence of an external voltage bias further characterized the PET nanopore in the presence of the three salts. In each simulation of the PET nanopore, ionic current and distribution of ions throughout the system reached a steady state within the first 6 ns of the simulations; our analysis uses only the remainder of each trajectory. Enabling the zeroMomentum parameter in NAMD prevented aberrant acceleration of the electro-osmotic flow, and postsimulation realignment of the PET membrane removed the effects of the system drift from the simulation results. Because of the low polarizability of the material, no special arrangements were made to match the dielectric polarizability of the simulated PET membrane.^[@ref57]^ Visualization and analysis were performed using VMD.^[@ref58]^

III. Results and Discussion {#sec3}
===========================

Figure [2](#fig2){ref-type="fig"} presents example current--voltage curves of two single conically shaped nanopores recorded in 50 mM solutions of KCl, NaCl, and LiCl. The magnitude of the currents changes in accordance with the ionic mobility; among KCl, NaCl, and LiCl, lithium has the lowest mobility and consequently, the currents in LiCl were the lowest among the recordings in the three salts. The experiments were performed at pH 8 at which the pore walls carry negative surface charge due to deprotonated carboxyls. Charge density of the pore walls of −1 e/nm^2^ was estimated based on measurements of pore conductance at a wide range of KCl concentrations between 1 mM and 1 M and ion conductance saturation at low ionic strengths.^[@ref59]−[@ref61]^ The measurements were performed for a cylindrical pore however preparation of pores of any geometry in PET involves etching irradiated foils in NaOH. Thus, we assumed the value of −1 e/nm^2^ to be valid for tapered cone-shaped pores as well. For simplicity, we also assumed the charge density was uniform throughout the whole length of the pore.

The recordings in Figure [2](#fig2){ref-type="fig"} also indicate the examined pores rectified ion current with the preferential direction of cation flow from the tip to the wide opening (base) of the cone. Current rectification in KCl of conically shaped nanopores was examined in detail before and explained via voltage dependence of ionic concentrations in the pore.^[@ref42],[@ref43],[@ref45]−[@ref47],[@ref53],[@ref62],[@ref63]^ At the forward bias (negative voltages in our experimental setup), concentration of both cations and anions increases above the bulk concentration, leading to a nonlinear current enhancement. As a result, negative currents are carried by both types of ions, and the pores at the forward bias are only weakly cation selective.^[@ref18],[@ref42]^ At the reverse bias (positive voltages in our electrode configuration), the ionic flow is limited by the formation of a depletion zone, whose width increases with the increase of reverse bias.^[@ref18]^ The depletion zone contains mostly cations; thus, positive currents can be treated as cationic currents only. Rectification properties of nanopores are often described by a rectification degree defined as a ratio of currents recorded at a given magnitude of voltage but of opposite polarities.

We were, however, surprised to see that rectification degrees of conically shaped nanopores in LiCl were consistently lower compared to the recordings in KCl (Figure [3](#fig3){ref-type="fig"}). This effect was observed in pores with a wide range of opening diameters between 3 and 25 nm. The difference in rectification properties in LiCl versus KCl was most pronounced in the range of salt concentrations between 50 and 200 mM. Four out of seven examined pores also differentiated between KCl and NaCl, i.e., rectification degrees in NaCl fell between rectification degrees in KCl and LiCl; the four structures included three with sub-5 nm opening diameter. For the 22 nm pore, the lower rectification degrees observed in LiCl became pronounced only at voltages above ∼1 V (Figure [3](#fig3){ref-type="fig"}d); this behavior was reproduced in a 25 nm pore ([Supporting Information](#notes-3){ref-type="notes"}). We explain this observation by voltage-dependent enhancement of ionic concentrations in conical pores at negative voltages. For pores with a wider opening, larger magnitudes of voltage need to be applied to get a similar enhancement of cation and anion concentrations compared to the enhancement in narrower pores ([Supporting Information](#notes-3){ref-type="notes"}).^[@ref15],[@ref42]^ The experiments suggest concentration of accumulated lithium ions in the pore has to reach a critical value to reduce the magnitude of negative currents and ion current rectification.

We would also like to point to a weak dependence of the rectification degree on electrolyte concentration and pore opening diameter observed for sub-20 nm pores (Figure [3](#fig3){ref-type="fig"}). An existence of a range of concentrations with similar rectification degrees was reported before and explained by the formation of the depletion zone even in pores whose opening diameter is several times larger than the Debye length.^[@ref18],[@ref42]^ The dependence of ion current rectification on electrolyte concentration and pore diameter has a broad maximum because a depletion zone cannot be fully created if the Debye length overlap occurs over a significant portion of a pore. This leads to the nonintuitive observation of similar rectification properties of pores with a wide range of opening diameter, reported for KCl before.^[@ref42]^ The increase of rectification degree in LiCl with voltage is weaker than in the case of sodium and potassium salts, again suggesting that accumulation of lithium ions in the pore might interfere with further enhancement of cation and anion concentrations.

It is important to mention that each conically shaped nanopore even with the same tip diameter is unique and different. Opening diameter of the base of the cone is determined by the etching time and for the set of pores used in this study varied between 300 and 750 nm. Rectification degree of conical pores was found dependent on the cone opening angle,^[@ref18]^ shape of the very tip of the pore,^[@ref17]^ and even atomistic details of the pore walls.^[@ref7]^ Thus, by presenting data of four pores, we emphasize the qualitative reproducibility of lower rectification degrees in LiCl compared to KCl and quantitative variability of the magnitude of the effect. Additional data for three nanopores are shown in the [Supporting Information](#notes-3){ref-type="notes"}.

In order to understand the origin of the dependence of rectification degree on type of salt, we looked first at ratios of ion currents recorded in KCl and NaCl as well as KCl and LiCl; the obtained values were compared with ratios of bulk conductivities of the salts κ (κ~KCl~/κ~NaCl~ and κ~KCl~/κ~LiCl~) as well as ratios of diffusion coefficients of the cations. The pore with 4 nm opening diameter was unstable at voltages beyond 3 V. Thus, only data for lower voltages were considered for this sample; the remaining pores were analyzed in the voltage range of −4 and +4 V (Figure [4](#fig4){ref-type="fig"}). Some rectifying nanopores with small opening diameters were shown before to exhibit intrinsic current fluctuations.^[@ref62],[@ref64],[@ref65]^ As a consequence, current ratios for the 4 nm pore also have the largest error bars, especially pronounced in KCl. Smaller variation of currents in NaCl and LiCl might be related with their lower rectification degrees, suggesting lower electric fields at the pore tip compared to the case in KCl. Concentration of electric field at the narrow opening was suggested to lead to current instabilities.^[@ref64]^ Because of the fluctuating current signal and large error bars of the current ratios, values in only two salts concentrations are shown for the 4 nm pore (Figure [4](#fig4){ref-type="fig"}a). For nearly all examined pores, the ratio of negative currents in KCl and in LiCl was significantly higher than it would be expected from the ratio of bulk conductivities or diffusion coefficients. This finding indicates the currents of nanopores in LiCl were reduced compared to the predictions based on the bulk solution behavior, treating the recordings at KCl as a reference point. The ratio of negative currents in KCl and LiCl varied between different pores and was as high as 10 and as low as ∼3 for 4 V; the ratio of positive currents was often close to the ratios of diffusion coefficients or bulk conductivities (Figure [4](#fig4){ref-type="fig"}). The difference in currents in KCl and NaCl was typically voltage-independent and smaller than in the case of KCl and LiCl.

![Example current--voltage curves of single conically shaped nanopores with opening diameters of (a) 9 and (b) 14 nm. The recordings were performed in 50 mM solutions of KCl, NaCl, and LiCl. Average values of three scans are presented.](jp-2014-01492g_0002){#fig2}

![Rectification degrees of single conically shaped nanopores with opening diameters of (a) 4 and 350 nm, (b) 9 and 300 nm, (c) 14 and 520 nm, and (d) 22 and 570 nm. The 4 nm pore exhibited large fluctuations of ion current in 10 mM of KCl, NaCl, and LiCl and above 3 V for all other studied concentrations; thus, data for 50, 100, and 200 mM in the voltage range between −3 and +3 V are presented. All remaining structures were analyzed in the voltage range −4 to +4 V. For each pore, rectification degrees for three KCl, NaCl, and LiCl concentrations are shown.](jp-2014-01492g_0003){#fig3}

![Ratios of ion currents recorded in KCl and NaCl (KCl/NaCl) and KCl and LiCl (KCl/LiCl) for single pores with an opening diameter of (a) 4, (b) 9, (c) 14, and (d) 22 nm. Ratios of diffusion coefficient, *D*, of cations are indicated as dotted lines. Ratios of bulk conductivities are shown as black lines labeled in (d).](jp-2014-01492g_0004){#fig4}

In order to determine if the observed differences in rectification degrees and values of currents measured in KCl, NaCl, and LiCl can be explained by the differences in diffusion coefficients of potassium, sodium, and lithium ions, ion transport in conical pores was modeled using the continuum approach based on the Poisson--Nernst--Planck equations.^[@ref15],[@ref18]^ The purpose of the simulations was not to quantitatively fit the experimental data but rather check if the continuum approach predicts the lowest rectification in LiCl. The model did not include Navier--Stokes equations; thus, electroosmosis was not taken into account. Conically shaped nanopipettes were shown to produce polarity-dependent electroosmotic fluid flow;^[@ref66]^ however, our earlier numerical modeling of rectifying nanoporous systems indicated the influence of electroosmosis on ion current rectification was small.^[@ref67]^ The modeling was performed for a tapered cone pore with opening diameters of 10 and 1000 nm and surface charge density of −1 e/nm^2^. We used the recently developed software package MsSimPore, which uses a Newton scheme to discretize the PNP equations.^[@ref18]^ The surface charge density was kept constant in all simulations. Ions were treated as point charges, and their diffusion coefficients in the pore were assumed to be equal to their values in a bulk solution found in the literature. We justified the choice by an almost linear dependence of the salts' bulk conductance on concentration up to 2 M. Figure [5](#fig5){ref-type="fig"} presents modeled current--voltage curves and resulting rectification degrees for LiCl, NaCl, and KCl. The model indeed captured the rectification effect observed with conically shaped nanopores and the lowest values of currents in LiCl. The continuum approach, however, could not reproduce the lowest rectification degrees experimentally observed in the lithium salt. In fact, the continuum modeling predicted a modest increase of rectification in LiCl compared to KCl.

We also plotted the ratio of PNP modeled currents in KCl and LiCl and KCl and NaCl in a range of voltages between −1 and +1 V (Figure [6](#fig6){ref-type="fig"}). Our experiments showed the ratios of ion currents in KCl and LiCl to be higher for negative voltages compared to the ratios at positive voltages, while the continuum modeling predicted an opposite voltage dependence. The modeled data can be understood taking into account voltage-dependent ionic selectivity of conically shaped pores.^[@ref18],[@ref42]^ Positive currents are primarily carried by positive ions thus the ratio of the modeled currents in KCl and LiCl (or KCl and NaCl) corresponds to the ratio of diffusion coefficients of potassium and lithium ions (potassium and sodium). At negative voltages, the pore lumen is filled with both cations and anions; thus, the ratio of currents approaches the ratio of bulk conductivities in 50 mM KCl. In 10 mM KCl, the ratio of transmembrane negative currents is higher than in bulk likely due to large enhancement of ionic concentrations in the pore.^[@ref18]^

![Ion currents predicted by the Poisson--Nernst--Planck equations solved numerically for a single conically shaped nanopore with opening diameters of 10 nm (tip) and 1000 nm (base). The surface charge density of the pore walls was set to −1 e/nm^2^. Current--voltages curves and rectification degrees are shown in (a) for 10 mM and (b) 50 mM KCl, NaCl, and LiCl.](jp-2014-01492g_0005){#fig5}

![Ratio of ion currents predicted by the continuum modeling based on the Poisson--Nernst--Planck equations solved for a single conically shaped nanopore in (a) KCl and NaCl and (b) KCl and LiCl. Ratios of bulk conductivities (κ~KCl~/κ~NaCl~ and κ~KCl~/κ~LiCl~) in 10 and 50 mM as well as of diffusion coefficients *D* are also indicated. Opening diameters of the modeled conical pore were 10 and 1000 nm.](jp-2014-01492g_0006){#fig6}

The continuum modeling was performed assuming the surface charge density of nanopores was not affected by the concentration or type of salt solution. Both the ion current rectification of conically shaped pores and ion current values in all nanopores are known to be modulated by the electrical surface characteristics.^[@ref6],[@ref15],[@ref18],[@ref21]^ We therefore hypothesized the experimental results in LiCl could be explained if lithium ions lowered the effective surface charge of the pores.

Lithium ions were recently found to reduce ion current rectification in a bacterial pore of α-hemolysin (α-HL).^[@ref40]^ Although α-HL is weakly anion selective,^[@ref68]−[@ref71]^ it has 63 carboxyl groups along the ionic path. All-atom molecular dynamics simulations revealed that differential affinities of cations to carboxyls are responsible for the reduction of current and rectification.^[@ref40]^ Better screening of negatively charged residues by lighter monovalent ions reduced the effective charge of the pore opening and consequently the degree of ion current rectification. In contrast to α-HL, the polymer pores considered here are cation selective, and the pore walls are covered with carboxyl groups at a high density of ∼1 per nm^2^. The effect of lithium ions on ion current values and rectification was a few times more pronounced compared to the effect measured in α-HL.

In order to elucidate the microscopic phenomena underlying differential rectification of ionic current in polymer nanopores, a set of MD simulations were performed utilizing an all-atom representation of a PET nanopore.^[@ref48]^ The primary goal of the simulations was to test for the differential binding of monovalent ions to charged pore walls. It is important to mention the MD model captured both electrophoretic and electroosmotic effects on ions and water. All simulations were performed at pH 7, which corresponded to the surface charge density of −1 e/nm^2^. Each system measured 26 nm × 8 nm × 11 nm and contained a 10 nm thick PET membrane in 0.1 M LiCl, NaCl, or KCl solution. After equilibration, each of the three systems was simulated at 2 V of both polarities as well as in the absence of the external bias for a total of nine simulations of 20 ns length each. The coordinates of the system were recorded every 6000 frames, or 12 ps, to enable detailed analysis of the system dynamics and building trajectories of all ions.

Analysis of the trajectories revealed cations would bind to the PET membrane surface, resulting in the reduction of the effective surface charge density on the pore walls (Figure [7](#fig7){ref-type="fig"}). An ion was considered bound if it remained within 7 Å of the pore wall and failed to move a minimum distance expected due to diffusion. To find the number of bound ions as a function of time, we performed a frame-by-frame analysis of each cation's position, calculated the minimum expected cation displacement due to diffusion between frames, and compared it with the actual displacement. Initial estimates of the minimum expected displacement, *r*, were found using the formula *r* = (6*D*Δ*t*)^1/2^, where *D* is the diffusion coefficient of an ion and Δ*t* is the considered time interval. We assumed values of *D* of 1.1, 1.4, and 2.0 nm^2^/ns for lithium, sodium, and potassium ions, respectively, which are close to the experimental values for dilute solutions.^[@ref72]^ Further validation of the model revealed that sampling cations' position every 30 recorded frames, or Δ*t* ≈ 0.36 ns, and using a minimum expected displacement of 4--8 Å, resulted in an average number of bound cations at any given step that was insensitive to small parameter changes. The requirement that ions have to be within a certain distance from the surface to be considered bound was found to exclude only 1% of cations otherwise expected to be bound.

The number of bound ions was subsequently used to calculate the effective surface charge density of the pore walls in the presence of the three salts (Table [1](#tbl1){ref-type="other"} and Figure [7](#fig7){ref-type="fig"}). The simulations indicated Li^+^ ions neutralized a higher fraction of the PET surface charge compared to Na^+^ or K^+^ ions. These results indeed explain the experimental observation of the dependence of rectification degree on the type of electrolyte. Ion current rectification of conically shaped nanopores is known to be modulated by the surface charge density.^[@ref15],[@ref18]^ There is a range of surface charge densities where the decrease in the number of charged groups leads to the reduction of ion current rectification. Thus, it is expected that LiCl currents will be rectified least when compared with the rectification in KCl and LiCl.

The performed MD simulations and effective surface charge reduction observed with NaCl and LiCl can also explain why only a subset of studied pores showed differences in rectification in NaCl and KCl; in all studied pores, rectification in LiCl was the lowest. For high surface charge densities, the dependence of rectification on surface charge is relatively weak; thus, the reduction of the surface charge by sodium cannot always be detected as a change in rectification.^[@ref18]^

Interestingly, the two largest pores examined in this study with the opening of 22 and 25 nm exhibited the highest rectification degrees in NaCl and not KCl, following predictions of the continuum modeling. We do not have yet explanation for that effect.

![Density of cations bound to PET pore walls vs simulation time for each of the nine performed MD simulations with KCl, NaCl, and LiCl at 2 V of both polarities. Zero on the *x*-axis corresponds to the beginning of the production MD simulation run. Number of bound lithium ions increases in the first ∼10 ns when it saturates and exhibits fluctuations around a steady average value.](jp-2014-01492g_0007){#fig7}

###### Effective Surface Charge Density σ at the Membrane--Solution Interface As Determined by MD Simulations[a](#tbl1-fn1){ref-type="table-fn"}

  type of electrolyte, 0.1 M   σ (e/nm^2^) at --2 V   σ (e/nm^2^) at zero bias   σ (e/nm^2^) at 2 V
  ---------------------------- ---------------------- -------------------------- --------------------
  LiCl                         --0.64 ± 0.01          --0.61 ± 0.01              --0.66 ± 0.01
  NaCl                         --0.70 ± 0.01          --0.67 ± 0.01              --0.72 ± 0.01
  KCl                          --0.78 ± 0.01          --0.77 ± 0.01              --0.82 ± 0.01

Without ion binding, the surface charge density is σ = −1.0 e/nm^2^.

###### MD Simulated Ion Currents through a PET Nanopore

  salt type   current-carrying ions   *I* (nA) at --2 V   *I* (nA) at 2 V
  ----------- ----------------------- ------------------- -----------------
  LiCl        LiCl                    --4.49 ± 0.06       6.70 ± 0.05
              Li^+^                   --4.26 ± 0.06       6.07 ± 0.05
              Cl^--^                  --0.22 ± 0.04       0.63 ± 0.03
  NaCl        NaCl                    --4.62 ± 0.06       6.44 ± 0.06
              Na^+^                   --4.39 ± 0.06       6.21 ± 0.05
              Cl^--^                  --0.23 ± 0.03       0.23 ± 0.03
  KCl         KCl                     --6.63 ± 0.07       10.08 ± 0.06
              K^+^                    --6.57 ± 0.07       10.00 ± 0.07
              Cl^--^                  --0.06 ± 0.04       0.08 ± 0.04

![(a) Local molarity and (b) linear density of mobile ions along the nanopore axis obtained in MD simulations performed in 0.1 M LiCl. Plus and minus signs indicate polarity of the applied voltage, and arrows show the direction of cation flow in each case. Local pore radius along the axis is shown in (a) and (b) (black line, see right *y*-axis); regions beyond −50 and +50 Å are outside the pore. Red circle indicates the constriction of the pore, where a depletion zone forms at −2 V. The existence of the depletion zone was observed in KCl and NaCl solutions as well (not shown).](jp-2014-01492g_0008){#fig8}

###### Rectification Degrees of a PET Nanopore Modeled by MD[a](#tbl3-fn1){ref-type="table-fn"}

  salt type   current-carrying ions   *I*~--2 V~/*I*~+2 V~
  ----------- ----------------------- ----------------------
  LiCl        LiCl                    0.670 ± 0.007
  NaCl        NaCl                    0.719 ± 0.007
  KCl         KCl                     0.658 ± 0.006

Note that rectification degrees less than 1 indicate rectification direction opposite to that observed in experiments.

The performed simulations also allowed us to quantify transmembrane currents carried by each type of ion. In contrast to experimental observations, ion currents obtained from MD simulations exhibit an opposite rectification; i.e., positive currents are higher in magnitude than negative currents (Tables [2](#tbl2){ref-type="other"} and [3](#tbl3){ref-type="other"}). The discrepancy between the MD and experimental results stems most probably from the dimensions of the PET pore used in the all-atom simulations. A prior analysis revealed that the formation of a depletion zone for positive voltages, and enhancement of ionic concentrations for negative voltages occurred only in pores that were at least 100 nm long, thus 10 times longer than the one used in our MD simulation system.^[@ref18],[@ref67]^

Ionic distributions in the MD simulated PET pore are shown in Figure [8](#fig8){ref-type="fig"}. The concentrations of mobile ions are enriched when cations are moving from the wide opening to the tip of the pore. Voltage modulation of ionic concentrations occurs near the tip: the density of mobile ions at −2 V is ∼3 times lower than the density at +2 V. Note: it is opposite to what is observed in long, conically shaped nanopores. We think the discrepancy in rectification of the MD simulated and long pores occurs due to possibly different mechanisms responsible for voltage modulation of ionic concentrations. In long pores, the depletion zone is created when potassium ions are sourced from the wide opening and thus when they have to be transported through a long resistive element to reach the pore tip where the cation concentration is dominated by the surface charge.^[@ref5],[@ref15],[@ref18],[@ref43],[@ref62]^ In a short pore, like the one modeled by MD, the access of cations to the pore tip can be limited by the small opening. It will be interesting to test experimentally the magnitude and direction of rectification of sub-20 nm long nanopores.

To provide further evidence ion currents in LiCl through conically shaped nanopores are reduced due to interactions of the ions with charges on the walls, we also simulated ion currents in bulk volumes of LiCl, NaCl, and KCl. We used the same voltage and salt concentrations as these in the PET nanopore simulations and calculated ratios of currents in the modeled bulk solutions and PET nanopore (Table [4](#tbl4){ref-type="other"}). The simulations revealed a significant decrease of the current through the pore in LiCl compared to the reduction of the current observed in KCl. For both voltage polarities, the ratio of currents *I*~KCl~/*I*~LiCl~ through the pore was significantly higher than the currents ratio obtained in bulk KCl and LiCl (Table [4](#tbl4){ref-type="other"}). Thus, in accordance with experiments (Figure [4](#fig4){ref-type="fig"}), our all-atom simulations suggest that interactions of lithium ions with the PET membrane reduce the nanopore conductance to a larger extent than in the case of potassium ions.

The findings were supported by calculating the ratio of diffusion coefficients of cations in the pore and in the bulk using simulated ionic trajectories. The diffusion coefficient of Li^+^ in the pore was reduced by ∼50% compared to the value in the bulk. The reduction of diffusion coefficient for K^+^ and Na^+^ in the pore was smaller and equal to 30% and 40%, respectively.

###### Ratios of Ion Currents Obtained in MD Simulations for a PET Nanopore and Bulk Solutions

  system conditions     *I*~KCl~/*I*~NaCl~   *I*~KCl~/*I*~LiCl~
  --------------------- -------------------- --------------------
  --2 V, PET nanopore   1.43 ± 0.01          1.48 ± 0.01
  +2 V, PET nanopore    1.56 ± 0.01          1.50 ± 0.01
  bulk solution         1.21 ± 0.01          1.13 ± 0.01

IV. Conclusions {#sec4}
===============

In this article we present experimental and modeling studies detailing the effect of three monovalent cations on ion current rectification of conically shaped nanopores. Our experimental findings were explained by molecular dynamics simulations of an all-atom representation of a model polymer PET pore. The simulations revealed the differences in ionic rectification of conical nanopores measured in LiCl, NaCl, and KCl resulted from differential binding of the cations to the PET membrane surface. The number of bound lithium ions was larger than the number of bound K^+^ or Na^+^. Consequently, lithium ions caused the most significant reduction of the effective surface charge density, and pores in LiCl showed the lowest rectification and currents. The reduction of lithium currents in the pore was larger than what could be predicted based on differences in bulk diffusion coefficients of K^+^, Na^+^, and Li^+^ ions.

The results suggest that all-atom representation of nanopores can provide invaluable information helping to understand interactions between transported ions and pore walls. The continuum modeling based on PNP equations is sufficient to explain the effect of rectification but cannot capture properties of ionic current carried by different monovalent cations. It would be interesting to model ionic transport with coupled PNP and Navier--Stokes equations including the effect of induced charge electroosmosis^[@ref73]^ as well electroosmosis induced fluid flow instabilities.^[@ref74]−[@ref76]^ Addition of the fluid flow effects might improve the agreement between the model predictions and experimental observations.

Modulation of effective surface charge density by transported ions has very important implications for designing artificial ion selective membranes, ionic diodes, and ionic circuits. Reduction of surface charge density in nanopores by multivalent ions was shown before.^[@ref31],[@ref32],[@ref37]−[@ref39]^ This study alerts researchers that monovalent ions can also modulate surface charge density of surfaces and influence functioning of ionic devices.

Experimental data on ion current rectification for three additional nanopores as well as continuum modeling of ion currents for a pore with different opening diameters as these described in the article; voltage-dependent profiles of ionic concentrations in the pore. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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